I. INTRODUCTION

Microfluidics
1 is a critical technology for an extremely broad range of biomedical applications including tissue engineering, 2-3 drug discovery, 4 point-of-care diagnostics and pathogen detection in both developed and developing countries, [5] [6] [7] [8] and cancer screening using approaches such as cell identification, 9 and protein, 10-13 DNA 14 and micro-RNA [15] [16] biomarkers. Microfluidic device prototyping for proof-ofprinciple demonstration typically utilizes hot embossed or injection molded plastics 1, 17 or polydimethylsiloxane (PDMS). [18] [19] In either case, two or more individually fabricated layers are bonded together to form a completed device. The fabrication process typically involves cleanroom microfabrication of molds using photolithography for one or more of the individual layers, followed by molding and release of each layer and then careful layer alignment and bonding. In our experience this sequence of steps can lead to a delay of a week or more between completing the design of a device and actually having one in hand to test, especially taking into account the inevitable problems that crop up for various fabrication steps in a university environment and the turn-around time to design and procure photolithographic masks. To reduce mask acquisition time, we have a Heidelberg DWL-66FS laser lithography system 20 in our cleanroom, with which mask fabrication times range from 2 hours for low 2 resolution masks (>5 µm) to ~5 days for high resolution masks (>0.6 µm). An alternative low cost option for rapid mask fabrication is inkjet printing on transparencies, which takes only a few minutes, but has much lower resolution (>50 µm). 21 Moreover, limited material choices for prototyping microfluidic systems also hinders their broad development, as problems such as non-specific adsorption that plague PDMS and other polymers [22] [23] prevent many potential applications from being tested.
Of course, once the masks and processes are in place for a given design, it usually takes only hours to possibly a day or two to produce additional devices of that design. However, initial microfluidic testing often reveals design or performance deficiencies that necessitate modifying the design and starting the process over, thereby incurring yet another significant delay. Numerous cycles around this loop can be required to develop a successful device, which stretches the development time with a concomitantly large increase in personnel costs. Moreover, this lengthy cycle time discourages trying new approaches when faced with tight development deadlines. This is in direct contrast to the "fail fast and often" strategy successfully employed for web and smartphone application software development where early and rapid user feedback is used to guide project development throughout the development cycle. By analogy, 3D
printing of microfluidics offers the opportunity to shrink the time from design to first device to an hour or less because the device is created directly in a single step with no need for layer-by-layer fabrication and assembly as with PDMS. This completely changes the development landscape by not only dramatically reducing the opportunity cost of trying new ideas but also permitting a "fail fast and often" strategy in which early and rapid empirical feedback is used to guide and accelerate device development. Moreover, 3D printing does not require a cleanroom environment with its attendant start up investment and ongoing operational costs. In other words, 3D printed microfluidics can dramatically lower the barrier to creating sophisticated microfluidic devices and offers a true rapid-prototyping ability with its attendant benefits to positively disrupt microfluidic development cycles.
Unfortunately, this promise in 3D printed microfluidics has not yet been realized, although there have been a number of efforts in this direction. 24 For example, Kitson et al. [25] [26] [27] demonstrated fluidic devices 3D printed by extruding plastic through a heated nozzle. However, this fabrication method is inherently unable to produce feature sizes and flow channel dimensions needed for microfluidic (as opposed to macrofluidic or millifluidic) device fabrication. For the reported devices, the flow channels had very large cross sections (~4 mm diameter).
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A more promising approach for microfluidics is stereolithography in which a vector scanned laser beam or a stationary image pattern from a projector is used to photopolymerize an appropriate photosensitive resin layer-by-layer until a full device is completed. For example, Bhargava et al. 28 report a system in which discrete ~1 cm 3 3D printed cubes, each with internal plumbing to perform a specific passive elementary function (such as an L-joint, mixer, T-junction, XX-junction, etc.), are assembled into more complex fluidic devices in a 3D geometry. Each cube has standardized fluidic interfaces on 2 or more sides according to the elementary function performed within the cube. The cubes snap together to create precise cube-to-cube fluidic connections. While innovative, the overall system size can be comparatively large depending on how many cubes are needed. Furthermore, since the fluid channel minimum cross section dimension ranges from 500-1,000 µm, this is more properly termed a millifluidic system. The cubes themselves are fabricated by a contract manufacturer (FineLine Prototyping, Raleigh, NC) using a proprietary, commercially available resin with a scanned laser stereolithographic 3D printer.
This approach is appealing in that it is universally available to any customer, but the large flow channels and system size, and lack of control over resin formulation and hence surface and bulk chemistry can be unnecessarily restrictive for many applications.
Interestingly, another group recently published a paper in which the same contract manufacturer was used for direct fabrication of entire custom microfluidic devices. 29 They showed that flow channels with cross sectional features down to 400 µm are possible. However, this approach is still limited to using commercially available resins, and only passive microfluidic components have been demonstrated.
Alternatively, Shallan et al. 30 reported use of an inexpensive commercially available stereolithographic printer (MiiCraft) to fabricate microfluidic devices with flow channel cross sectional dimensions >500 µm. Unfortunately, the two available resin formulations (blue and transparent) are proprietary and supplied by the printer manufacturer. Additionally, the transparent resin exhibits only 60% transmission for a 500 µm thick layer at wavelengths >430 nm and exhibits absorption of small hydrophobic molecules such as rhodamine 6G.
The Fang group and collaborators have built several custom stereolithographic 3D printers that achieve submicron feature sizes for microfluidic devices and use their own resin formulations. 3, [31] [32] The small feature sizes are realized by photoreduction of an image projected by a UV-illuminated dynamic mask (i.e., digital light projector or liquid crystal on silicon microdisplay). However, the required photoreduction reduces the exposed area to only a millimeter or two on a side. To obtain reasonable part sizes (tens of millimeters in each lateral dimension), the image must be stepped many times across each layer using precise translation stages (250 nm positional repeatability). The end result is a complicated and expensive system that does not lend itself to low-cost microfluidic rapid prototyping.
Previously, we developed a custom resin that was UV polymerized into a polyethylene glycol diacrylate (poly-PEGDA) microfluidic material. We initially optimized the resin for conventional microfluidic fabrication techniques in which individual layers are molded and subsequently bonded to each other to create a device. The material was also optimized for low non-specific adsorption of proteins, low bulk background fluorescence (i.e., comparable to PDMS), and high bond strength. 33 More recently, we demonstrated that despite having a significantly larger bulk modulus than PDMS (>100 MPa compared to ~0.5 MPa), our poly-PEGDA material can be configured in a 3-layer design to create a membrane-type valve with compelling characteristics: 19 ms closure time and 115,000 actuations with no degradation in performance. 34 Although 3D printed devices have excellent potential for biomedical microfluidic applications, current methods have limitations in terms of resolution, resin versatility, overall device dimensions, and/or prototyping system cost. Moreover, in all cases the reported 3D printed microfluidic devices are composed of only passive elements. In this paper we report the first 3D printed active elements in microfluidic systems, showing that both our low-adsorption resin and the basic valve structure can be adapted to successfully create 3D printed valves. We also characterize microfluidic channel fabrication, repeatability, and yield. These results represent the first step toward 3D printed microfluidic devices for integrated analyses of nucleic acids and other molecules in which many active and passive components are incorporated in a single device. [35] [36] [37] [38] [39] [40] 
II. EXPERIMENTAL METHODS
A. Materials and Methods
PEGDA (M.W. 258), Sudan I, and 3-(trimethoxysilyl) propyl methacrylate were purchased from Sigma Aldrich (Milwaukee, WI). Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure 819) was acquired from BASF (Vandalia, IL). Prepolymer resin was prepared by mixing 1% (w/w) Irgacure and 0.2% (w/w) Sudan I in PEGDA and sonicated for 35 minutes. Silanized glass slides were prepared by placing clean slides in a 5% 3-(trimethoxysilyl) propyl methacrylate solution in toluene for 3 hrs. After deposition the slides were scribed (to mark the print face), cleaved, rinsed with clean toluene, blown dry with a nitrogen gun, and stored for later use.
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B. Experimental Setup
We used a B9 Creator 3D printer v1.1 (B9 Creations, Rapid City, SD) to fabricate our devices. To determine feature size fidelity and device yield we 3D printed 8 samples, each with an identical set of horizontal flow channels with different designed cross sections ranging from 300-500 µm width and 150-250 µm height in 50 µm increments. Vertical flow channels were 3D printed on one die but with four different vertical holes for each size from 300-450 µm and eight holes for 500-800 µm (each in 50 µm increments). The cross-sectional dimensions were measured using digital photographs processed in ImageJ 1.48v.
Once feasible channel dimensions were determined, these dimensions were then used to create the channels for the valve design. The valve design, shown in Figs. 1A and 1B, consists of a membrane suspended over a valve chamber, on the bottom of which are inlet and outlet openings. When an external pressure source is applied to the control chamber above the membrane, the membrane is deflected downward until it seals the inlet and outlet openings, thereby closing the valve. When pressure is released, the membrane returns to its original position and the valve opens. A photograph of a fabricated test valve device is shown in Fig. 1C .
The 3D printing process to fabricate a device with a valve is illustrated schematically in Fig. 2 . In brief, we used double-sided tape to affix a methacrylate silane functionalized glass slide to the bottom of the build table before calibrating the build table height for the print. After the resin was introduced into the tray and the projector was focused at the surface of the glass slide, different images were projected for each layer to polymerize each layer and create the desired 3D structure. Once the print was complete, unpolymerized resin was drained from the structure, thereby resulting in a completed device.
C. Membrane Thickness
Membrane thickness as a function of exposure time was evaluated by measuring a 2 mm diameter circular single layer membrane (~50 µm) suspended between two 250 µm high chambers. Exposure times between 2 s and 10 s were tested. Membrane thicknesses were measured from digital photographs using ImageJ.
D. Valve Evaluation and Performance
Previously, we demonstrated a successful method for valve evaluation. 34 Briefly, two pressure sensors were placed in-line to monitor both the air pressure applied to close a valve and the fluidic pressure applied at the front of the device used to open the valve. A CCD camera was used to track the 6 meniscus at the device outlet which was then converted to volumetric flow rate. The valve was considered open when the flow rate reached 0.2 µL/min. Valves were initially evaluated at air closure pressures of 0, 70, and 140 kPa. Valves were then actuated 400 times at 1 Hz (50% duty cycle) and the pressure tests repeated. This whole process was repeated until a given valve failed.
III. RESULTS AND DISCUSSION
A. Device Characterization Results
We modified our previous resin formulation 34 for use in a B9 Creator 3D printer by replacing the original photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA), with Irgacure 819 and adding an absorber dye, Sudan I. The B9 Creator's light source is a commercial XVGA (1024 x 768 pixels) projector which does not emit UV light. The DMPA UV photoinitiator therefore had to be replaced with a photoinitiator sensitive to the blue end of the visible spectrum emitted by the projector. Likewise, the absorber dye must absorb in the wavelength range covered by the photoinitiator to limit the depth to which the photoinitiator is exposed; otherwise no voids or overhanging features can be fabricated (nearly all microfluidic components involve voids, i.e., locations in which there is no material in the final device;
for example, a flow channel). Our choice of Sudan I fulfills the absorption requirement, although it has absorbance throughout the visible spectrum, resulting in 3D printed parts with an orange color. Although this is not a problem for our initial proof-of-concept microfluidic valve development here, many microfluidics applications will require visible optical transparency. Nonetheless, the material reported here is compatible with non-optical sensing methods such as nanowires, microcantilevers, and electrochemical approaches (for example, amperometry, potentiometry, and impedance measurement). [41] [42] [43] [44] [45] [46] At its highest resolution setting, the B9 Creator specifies 50 µm x 50 µm resolution in the X-Y plane (i.e., the plane of each polymerized layer). A typical Z step size (layer-to-layer spacing) is also ~50 µm. Note that the X-Y resolution of the B9 is twice as good as that of the scanning laser 3D printer (100 µm x 100 µm) used by the commercial fabrication service, FineLine Prototyping, mentioned previously, while the Z step size is the same. However, depending on the resin viscosity, actual fabricated flow channel dimensions and yield can be affected more by incomplete draining of uncured resin in the flow channel after 3D printing and prior to final curing of the part than by 3D printer resolution. 29 Hence, taking advantage of improved 3D printer resolution requires development of effective techniques for draining voids. The microscope image shown in Fig. 4A shows a typical example of a vertical cylindrical channel.
Measurement results for channels designed with diameters ranging from 300 µm to 800 µm are shown in Fig. 4B . The smallest vertical channel successfully printed with 100% yield had a 350 µm designed diameter and 210 µm average measured diameter. As seen in Fig. 4B , the as-printed diameters of the holes are smaller than the designed size.
B. Membrane Thickness
The as-fabricated membrane thickness has a critical effect on valve performance and lifetime. actuations. We find that the valve membrane typically breaks sometime after 800 actuations. Given our earlier results for poly-PEGDA microfluidic valves where over 100,000 actuations resulted in little change in performance, 34 we are confident that lifetimes of 3D printed microfluidic valves can be dramatically increased.
IV. CONCLUSIONS
We have successfully demonstrated readily fabricated 3D printed microfluidic channels with valves, within devices that take less than one hour to print. Moreover, the yield for horizontal flow Owing to the absorber in our initial resin formulation, the fabricated devices are not fully optically transparent in the visible wavelength region, and may also have bulk fluorescence. Although these current devices may be incompatible with biosensing based on optical absorbance or fluorescence measurements, 9 ongoing future work to evaluate resin formulations with alternate photoinitiators and absorbers will address these issues. Development of a non-proprietary resin will allow for greater flexibility in modifying polymer properties such as surface chemistry to enable subsequent modification for application in immunoassays or nucleic acid assays, for example. Furthermore, the ability to print these devices directly onto glass surfaces opens up the potential for direct integration to a range of substrates (e.g., glass, silicon, or materials with patterned electrodes) which could dramatically lower the barrier-to-entry to explore lab-on-a-chip biosensors, thereby expanding the lab-on-a-chip research and development community and enabling accelerated biomedical sensor innovation. The projector image is varied layer-by-layer to create the desired 3D structure. (F) When the device is pulled from the bath after all layers are exposed, the channels contain unpolymerized resin, which must be drained from the structure, resulting in (G) a finished device. In the design, the membrane thickness is specified as a single 3D printed layer. Error bars for data points at 3 seconds or greater exposure time represent standard deviation based on measurement of 4 to 9. There are no error bars for the 3 second data point, which is the average of two samples.
